The Bardeen-Petterson effect around a rapidly rotating compact object causes a tilted accretion disk to warp into the equatorial plane of the rotating body at a characteristic radius. We show that the orbital frequency at this transition radius naturally falls into a range (2-1600 Hz) required to explain observed quasi-periodic oscillations (QPOs) in low-mass X-ray binaries (LMXBs). The Bardeen-Petterson effect also complements some interpretations of observed QPO frequency correlations. We show that it may also provide an explanation for the non-monotonic behavior of count rate vs. QPO frequency plots for the LMXBs 4U 1820-30 and 4U 1735-44.
Introduction
Since their discovery in the mid-1980s, quasi-periodic oscillations (QPOs) have been observed in the X-ray brightness of a number of neutron star (NS) and black hole (BH) X-ray binaries. In Z-sources, which are high-luminosity NS low-mass X-ray binaries (LMXBs), there are typically four distinct QPO frequencies observed: the ≃ 5 − 20 Hz normal branch oscillation, the ≃ 15 − 60 Hz horizontal-branch oscillation, and two "kilohertz" QPOs in the range ≃ 200 − 1200 Hz. In atoll sources, which are less luminous NS LMXBs, there are also typically two kHz QPOs in the range ∼ 500 − 1220 Hz and low frequency (∼ 20 − 60 Hz) QPOs as well as broad noise components. QPOs in BH X-ray binaries have not been observed to the same extent thus far. However, several lowfrequency (∼ 0.1 − 1 Hz) QPOs have been detected, as well as five systems in which multiple QPO components have been observed, with a higher-frequency component in the range ≃ 2 − 300 Hz. In systems where multiple QPO frequency components are observed, there is often a tight correlation among the components. These frequency correlations occur in both NS and BH LMXBs and persist over a wide range of luminosities (see Psaltis, Belloni, & van der Klis 1999 , and references therein).
In most of these systems, the frequency of each QPO component increases proportionately with the inferred mass accretion rate,Ṁ , inferred from the X-ray luminosity. However, at least four LMXBs show notable deviations from this general trend. In Aql X-1, there is a good correlation between frequency and count-rate on a timescale of hours. However, between observing epochs, the range of frequencies remains unchanged even in cases where the average count rate changes by 30% or more (Reig et al. 2000) . Similarly, in the atoll source 4U 1608-52, the QPO frequency shows a good correlation with count rate on short (∼ hr) timescales, but is not uniquely determined by count rate on longer (∼ day) timescales (Méndez et al. 1999 ). In the atoll source 4U 1820-30, the kHz QPO frequencies increase with count rate until they appear to reach a plateau where they become independent of the count rate in the range of 2600-3200 counts s −1 (Zhang et al. 1998 ). In the atoll source 4U 1735-44, the higher-frequency kHz QPO has only been observed on two occasions. Over one of those observations, the frequency was even seen to decrease slightly while the count rate increased .
In this Letter, we propose the Bardeen-Petterson effect as the physical mechanism behind QPOs in LMXBs. We also show how this effect can form a solid foundation for interpretations of the observed QPO frequencies and their correlations. Finally, we investigate how this effect may provide an understanding of the count rate vs. QPO frequency behaviors seen in some LMXBs.
The Bardeen-Petterson Effect
The Bardeen-Petterson effect (Bardeen & Petterson 1975 ) is the combined result of differential Lense-Thirring precession and internal viscosity in a tilted accretion disk. The Lense-Thirring precession causes the disk to "twist up." Damping of the fluid motion by viscosity acts to limit this twisting. The mis-aligned angular momentum is then transported out through the disk and the inner region settles into the rotation plane of the BH or NS. The outer part of the disk remains in its original plane because the Lense-Thirring precession rate drops off rapidly with r. Internal pressure and viscous stresses in the outer regions are thus able to limit its effects. The end result is an aligned inner accretion disk and a tilted outer accretion disk.
The radius of transition, R TR , between the two disk mid-planes is expected to occur approximately where the rate of twisting up by differential precession is balanced by the rate at which warps of the disk are diffused or propagated away. Nelson & Papaloizou (2000) give an analytic estimate for the transition radius in terms of the mass M and specific angular momentum a of a rotating NS or BH:
where R GR = GM/c 2 is the gravitational radius. Here, α 1 is a dimensionless viscosity parameter acting on the vertical shear and H/r is the aspect ratio of the disk. Based on numerical calculations, both the viscosity and aspect ratio are expected to be significantly less than unity. Typical values are 0.04 α 1 0.2 and 0.03 H/r 0.3 (e.g. Bryden et al. 1999 ). In the Newtonian limit, we can rewrite this to give the orbital frequency at the transition radius:
Frequency Range
We wish to consider a range of reasonable parameters for LMXBs to see if the corresponding range of transition radii are consistent with an orbital frequency interpretation of QPOs. For the largest transition radius, R TR,max , which corresponds to the lowest orbital frequency, ν φ,min , we consider a maximally rotating (a = 1), 3M ⊙ BH with α 1 = 0.2 and H/r = 0.03. This yields R TR,max = 305R GR = 1351 km and ν φ,min = 2 Hz. For NSs, however, the stable upper limits for these bodies are M N S,max ≈ 2.6M ⊙ and a N S,max ≈ 0.7 (Salgado et al. 1994; Cook et al. 1994 ). Hence a more realistic limit for NS systems is R TR,max = 241R GR = 922 km and ν φ,min = 3 Hz. For the smallest transition radius, R TR,min , which corresponds to the highest orbital frequency, ν φ,max , we consider a 1.4M ⊙ NS (or BH) with a = 0.1 and H/r = 0.3. This yields R TR,min = 4R GR = 8.3 km. Note however that this lies inside the marginally stable orbit for this configuration, R ms = 5.7R GR = 11.7 km, given by (Bardeen et al. 1972) :
where
and
Thus, it is the marginally stable orbit which places a firm lower bound on the transition radius for an accretion disk. At this small radius, we should consider the relativistic correction to the orbital frequency (Bardeen et al. 1972) :
which gives ν φ,max = 1.6 kHz.
If we compare this range of frequencies (2-1600 Hz) to the range of frequencies spanned by the upper QPO frequency in systems containing multiple QPOs (∼ 2 − 1220 Hz), we see an obvious similarity. This is at least suggestive that the higher QPO frequency seen in LMXBs with multiple QPOs may be associated with an orbit near the Bardeen-Petterson transition radius.
We should mention that in hydrodynamic simulations, Nelson & Papaloizou (2000) found R TR to lie consistently below the analytic estimates in equation 1 by a factor of ∼ 2 − 3. Including a factor of 2 correction in the above analysis raises the lower frequency limit to 6 Hz for BH LMXBs and to 7 Hz for NS LMXBs. The upper frequency limit remains unchanged as it is set by the marginally stable orbit radius.
QPO frequency correlation
The strong correlations between the frequencies of the various QPO components noted by Psaltis et al. (1999) is most easily explained by models in which there is one "fundamental" frequency from which the others are determined. This fundamental frequency is often interpreted as an orbital frequency at some preferred radius. Some theoretical models for QPOs include a physical mechanism for this preferred radius, such as the "sonic-point" (Miller et al. 1998) , the "centrifugal barrier" (Titarchuk et al. 1998) , or the magnetosphere (Lamb et al. 1985) .
Other models, such as the relativistic precession model, have been successful in explaining the correlations between QPO frequencies, but have lacked a physical basis for the fundamental orbital frequency required (Stella et al. 1999 ). In this model, clumps of hotter, denser matter move along infinitesimally eccentric and tilted orbits around a rotating NS or BH. The deviation from a circular orbit causes these clumps to undergo small amplitude oscillations within the plane and perpendicular to the plane. These additional oscillations can then be related to each of the different types of QPOs seen in LMXBs (Stella & Vietri 1998 .
For the relativistic precession model to be successful in explaining the observed wide range of QPO frequencies and correlations requires a mechanism that can generate hot, dense clumps of gas in slightly eccentric and tilted orbits at a distinct range of radii with orbital frequencies between ∼ 30 − 1300 Hz (Stella et al. 1999 ). This range of frequencies is well within the limits calculated in the previous section for the Bardeen-Petterson transition radius. Furthermore, it is reasonable to expect that as the accreting material passes through the transition radius, it will possess enough orbital eccentricity and tilt to undergo the relativistic precession that is the basis for that model. Nelson & Papaloizou (2000) also noted that, particularly in higher inclination cases, the transition between the aligned and non-aligned disk may be abrupt, indicative of a tendency for the outer part of the disk to become disconnected from the inner part. Jumps across this disconnected region could form hotter, denser clumps of material in this region, which is another feature required by a relativistic precession model.
Transition Frequency Dependence on Accretion Rate
The lack of a unique relationship between the frequency of kHz QPOs and the X-ray flux in some LMXBs has been a persistent problem in understanding the nature of these QPOs. Some authors (e.g. Méndez et al. 1999 ) have attempted to reconcile this difficulty by speculating thaṫ M may not, in fact, be directly related to the X-ray flux in these systems. However, the BardeenPetterson effect may be able to explain the complex relationship between QPO frequency and X-ray flux without giving up the idea that the flux and the mass accretion rate are closely linked. To see this, we note from equation (2) that the only dependence of ν φ,TR onṀ must come through H/r or possibly α 1 . It is not clear however exactly how these quantities are related to the accretion rate. In studying the vertical structure of accretion disks surrounding NSs and BHs, Milsom, Chen, & Taam (1994) found an S-shaped dependence betweenṀ and the column density, Σ, at given radii. We can relate Σ to the disk half-height, H, in equations (1) and (2) by
where ρ c is the density at the mid-plane. From equation (2) we see that ν φ,TR ∼ H n , where n = 1 or 2. Given this interrelationship between Σ, H, and ν φ,TR , it then seems reasonable to expect the S-shaped dependence betweenṀ and Σ should also be observed betweenṀ and ν φ,TR .
In Figure 1 , we schematically illustrate an S-shaped dependence between the accretion rate and the transition frequency. The relativistic marginally stable orbit around a BH or NS provides a natural limit on the orbital frequency. Therefore, Figure 1 can be divided into two general regions, A and B. For LMXBs in region A, the highest frequency kHz QPO will generally be observed to closely correlate withṀ . For LMXBs in region B,Ṁ is too high for the transition radius to exist outside the marginally stable orbit, and the QPO phenomenon is not observed. Many of the systems with observed kHz QPOs appear to pass back and forth between regions A and B as they move from lowṀ to highṀ states. Even more interesting is the possibility of observing LMXBs passing through the S-twist region, labeled region C in Figure 1 . In this region, the kHz QPO frequency may actually decrease with increasingṀ . Figure 2a and 2b show two cases where behavior similar to the S-twist have been observed. These figures show the Rossi X-Ray Timing Explorer PCA count rate as a function of the higherfrequency kHz QPO. In the atoll source 4U 1820-30, shown in Figure 2a , Zhang et al. (1998) observed a definite transition from an increasing QPO frequency to a nearly constant QPO frequency that persisted through a substantial rise in count rate. Above a count rate of 3200 counts s −1 up to the highest observed rate of 4500 counts s −1 , the upper and lower kHz QPOs were not seen. Similar behavior for the higher-frequency kHz QPO was seen again by Kaaret et al. (1999) . The atoll source 4U 1735-44, shown if Figure 2b , is not as well studied, but appears to show a decrease in QPO frequency with a corresponding increase in count rate . Above a count rate of 1758 counts s −1 , the QPO is no longer seen. Ford et al. (1998) made observations at lower count rates and measured lower QPO frequencies. In Figures 2a and 2b , we have sketched in possible S-tracks for each of these binaries.
We should mention that the X-ray binary Aql X-1 also shows an S-like pattern in count rate vs. QPO frequency plots (see Reig et al. 2000, Fig. 4) . However, observations of this system have only shown a single kHz QPO, instead of the usual pair. Although this single peak appears to be related to the lower kHz QPO in other systems, its identification is still somewhat uncertain. Observations of a second kHz QPO in Aql X-1 would remove this ambiguity and allow it to be studied more thoroughly in the context of the ideas presented in this Letter. It is also important to point out that, at present, it is unclear whether all LMXBs should be expected to have well-defined S-regions. Furthermore, some systems may never be observed over the range of accretion rates corresponding to this behavior.
Discussion
Finally, we must consider that, due to the torques exerted on the NS or BH by the tilted accretion disk, the rotation axes will eventually be forced to align and the Bardeen-Petterson effect will disappear. However, in the same way that nearly all of the aligned angular momentum is transported outward in a flat accretion disk, much of the incoming misaligned angular momentum is transported away by viscous coupling in a tilted accretion disk. Thus, these systems can have fairly long lifetimes. An estimate of the alignment timescale is given by Scheuer & Feiler (1996) :
As a conservative estimate, we take our 1.4M ⊙ NS with a = 0.1 andṀ at the Eddington limit for a neutron star (Ṁ Edd = 3 × 10 −8 M ⊙ yr −1 ). This gives a lower limit for the alignment timescale of 5 × 10 6 yr. A more realistic estimate based on the range of parameters considered in Section 2 of this Letter (M = 2M ⊙ and a = 0.5) and a more typical long-term accretion rate (Ṁ = 0.01Ṁ Edd ; van der Klis 1995) gives a timescale of 3 × 10 7 yr. This timescale is sufficiently long for a number of non-aligned systems to be observed provided conditions are favorable to their formation.
The Bardeen-Petterson effect thus provides a plausible physical explanation for the range of observed QPO frequencies and can nicely complement certain interpretations of the observed QPO frequency correlations, most notably the relativistic precession model. It may also explain the Sshaped curves in the count rate vs. QPO frequency plots of 4U 1820-30 and 4U 1735-44. What is needed now is a systematic numerical study of tilted accretion disks around BHs and NSs, properly including hydrodynamics and radiation transport. Work along this line is currently underway. P. C. F. would like to thank the Arthur J. Schmidt Foundation for fellowship support at the University of Notre Dame. This work was supported by the National Science Foundation under grant PHY-97-22086.
